Abstract-A detailed petrologic survey has been made of 17 basaltic chips (sized between 1 and 10 mm) from the 12003 soil sample as part of an ongoing study of basaltic diversity at the Apollo 12 landing site. An attempt has been made to classify these samples according to the well-established grouping of olivine, pigeonite, ilmenite, and feldspathic basalts. Particular attention has been paid to variations in major, minor, and trace element mineral chemistry (determined by electron microprobe analysis and laser ablation ICP-MS), which may be indicative of particular basaltic suites and less susceptible to sampling bias than bulk sample characteristics. Examples of all three main (olivine, pigeonite, and ilmenite) basaltic suites have been identified within the 12003 soil. One sample is identified as a possible new addition to the feldspathic suite, which currently consists of only one other confirmed sample. Identification of additional feldspathic basalts strengthens the argument that they represent a poorly sampled basaltic flow local to the Apollo 12 site, rather than exotic material introduced to the site by impact mixing processes. Three samples are identified as representing members of one or two previously unrecognized basaltic suites.
INTRODUCTION
The Apollo 12 mission landed on November 19th 1969 on the northwest rim of Surveyor impact crater (23.34°W and 2.45°S) in the eastern region of Oceanus Procellarum (Mare Cognitum). Subsequent geologic mapping by Hiesinger et al. (2000 Hiesinger et al. ( , 2003 Hiesinger et al. ( , 2010 and Morota et al. (2011) indicates that a large number of individual basaltic flows are located within the Oceanus Procellarum, including some of the youngest mare basalts (approximately 1.5 Ga) on the Moon. As discussed by Crawford et al. (2007) , confirmation of the presence of such young lava flows, and information concerning their geochemistry and mineralogy, would be of great interest for our understanding of lunar magmatic evolution. None of this material has yet been identified in the existing sample collections, but given the location of the Apollo 12 landing site within the eastern region of Oceanus Procellarum, and the potential for lateral transport of material across the lunar surface by impact processes (Li and Mustard 2005) , it is possible that some of this young basaltic material may be present in soils sampled by the mission. Moreover, even if exotic material derived from further west in Oceanus Procellarum is not identified in the Apollo 12 soils, a careful study of basaltic fragments within them will nevertheless provide new insights to the duration of lunar volcanism and the magmatic evolution of this region of the Moon. This is the focus of this study.
A total of 34.3 kg of samples were returned by the Apollo 12 mission (Lunar Sample Preliminary Examination Team (L.S.P.E.T.) 1970; Hiesinger and Head 2006) . This included 5.9 kg of fines (material <1 cm) and chips (between 1 and 4 cm), 27.7 kg of rocks and 0.8 kg of "special" samples (including cores, the lunar environment sample container, and the gas analysis sample container). Of the 47 rocks collected, 43 are low-Ti mare basalts (TiO 2 = 1-6 wt%; classification scheme of Neal and Taylor 1992), 3 (12010, 12034, and 12073) are regolith breccias, and 1 (12013) is a dilithologic breccia Neal et al. 1994a; Korotev et al. 2011) .
The most recent detailed assessment of the Apollo 12 basaltic suites was performed by Neal et al. (1994a) . They established a new set of chemical criteria to discriminate among the three major basaltic suites (olivine, pigeonite, and ilmenite basalts) based on bulk Mg# (atomic Mg/ [Mg+Fe] ) and Rb/Sr ratios. In this scheme, olivine basalts have Mg# >46 and Rb/Sr >0.008, pigeonite basalts have Mg# <46 and Rb/Sr >0.008, and ilmenite basalts have Rb/Sr <0.008 and Mg# spanning the range of both the olivine and pigeonite suites. The feldspathic basalt 12038 falls within the ilmenite basalt classification. If one applies the Neal et al. (1994a) classification to all of the Apollo 12 basalts currently studied, the number of samples in each suite is as follows:
1. Olivine basalts-16 samples (37%) 2. Pigeonite basalts-12 samples (28%) 3. Ilmenite basalts-14 samples (33%) 4. Feldspathic basalts-1 sample (2%) Experimental studies have determined that the olivine and pigeonite basalt mantle sources were located at a similar depth to other basaltic magmas (100-200 km; Longhi 1992a; Snyder et al. 1997) . However, the ilmenite basalt source was likely located at a greater depth (350-400 km) comparable to that determined for the high-Ti picritic glasses (Longhi 1992b; Snyder et al. 1997) . It remains unclear whether the feldspathic basalts represent a lava flow local to the Apollo 12 site, or if the paucity of identified samples is due to the feldspathic basalts being introduced to the site as impact ejecta (Neal et al. 1994a; Snyder et al. 1997) .
Previous attempts to classify the Apollo 12 basalts have relied largely on bulk-rock characteristics (i.e., texture, modal mineralogy, and bulk compositions; James and Wright 1972; Rhodes et al. 1977; Neal et al. 1994a ). Although such measurements have been made in this study, the small sizes of the samples being analyzed (1-10 mm) raises questions as to whether they are representative of the parent rocks from which they originated (Zolensky et al. 2000; Karner et al. 2003 Karner et al. , 2004 Karner et al. , 2006 . As such, a major focus of this study has been to identify trends in major, minor, and trace element mineral chemistry, which are characteristic of individual basaltic suites. Fagan et al. (2013) have identified a relationship involving the ratio of Ti/V contents in olivine phases that appears to distinguish between ilmenite and olivine basalts. However, despite a large number of previous studies reporting major and minor element mineral chemistries of the Apollo 12 basalts (e.g., Bence et al. 1970 Bence et al. , 1971 Grove et al. 1973; Dungan and Brown 1977) , few studies have reported trace element mineral chemistries permitting such trends to be identified.
SAMPLES AND METHODS
A total of 20 individual chips (1-10 mm) have been analyzed from the 12003 soil sample (Fig. 1 ). These were hand selected from the Apollo 12 sample collection at Johnson Space Center (JSC). The majority of the chips (17) have been identified as primary igneous lithologies. Six of these chips are thought to have originated from two separate parent samples at JSC but have since broken in transit to the United Kingdom. This includes the four 12003,310 chips and the two 12003,311 chips. The remaining samples include two breccias and a granulitic impactite, which will be discussed in a separate paper. In addition to the 12003 chips, three samples of well-characterized Apollo 12 Fig. 1 . Map of the Apollo 12 landing site illustrating the spatial distribution of mare basalt samples collected. Adapted from the map presented in Rhodes et al. (1977) with additional and modified symbols reflecting subsequent investigations of the Apollo 12 basalts (e.g., Neal et al. 1994a Neal et al. , 1994b . The sampling location of 12003 has been indicated (star symbol), as have those of the three additional samples analyzed in this study for comparative purposes (12022, 12038, and 12063) . Black symbols represent more rapidly cooled vitrophyres and basalts with variolitic groundmass; white symbols represent more slowly cooled samples with ophitic and gabbroic textures. Background image is from the Lunar Reconnaissance Orbiter Narrow Angle Camera frame M175428601R (NASA/GSFC/Arizona State University).
basalts were allocated to the project by the Curation and Analysis Planning Team for Extraterrestrial Materials (CAPTEM), including two ilmenite basalts (12022,304 and 12063,330) and the feldspathic basalt (12038, 263) . Analyses of these have been used for comparison with the 12003 data.
As described below, each chip was split into at least two fragments. In general, the larger chip ("A-split") was used for geochemical and petrological analysis, and a smaller second ("B-split") chip was retained for future radiometric age dating. If more than two fragments resulted from the splitting process, these were referred to as "C-" and "D-splits." For the smallest (<2 mm) samples, a New Wave 213 nm laser with a beam width of 25 lm was used to begin the cutting process to reduce the overall mass loss. Where necessary, the samples were then split with a fine scalpel blade. For samples much larger than 2 mm, this method was impractical due to limitations of the laser system and splitting was performed entirely with either a scalpel or a pair of surgical bone cutters.
The samples to be used for petrologic analyses (Table 1) were mounted in EPOTEK epoxy resin blocks. Any surficial resin was ground away with silicon carbide paper to expose the samples. The exposed sample surfaces were then polished with either aluminum oxide or diamond paste on pellon cloths using an alcohol-based lubricant. Finally, the samples were coated with carbon to facilitate electron microprobe analysis (EMPA).
Energy dispersive spectroscopy (EDS) analysis of the samples was performed using a JEOL JXA-8100 electron microprobe analyzer at UCL/Birkbeck with an accompanying Oxford Instruments EDS probe and INCA software package. The probe was operated at a 15 kV accelerating voltage, with a 10 nA beam current and 1 lm diameter beam. This included the acquisition of backscattered electron (BSE) images, elemental mapping and bulk sample, and area compositions. Element maps of the samples were "colorized" and combined using the GNU Image Manipulation Program (GIMP) to generate false color element maps (see Appendix S3) following similar methods previously used by Joy et al. (2008 Joy et al. ( , 2011 and Snape et al. (2011a Snape et al. ( , 2011b .
Modal mineralogies (Table 2) were obtained from the BSE images and X-ray element maps using GIMP. A majority of the individual phases within each sample were automatically identified based on their grayscale tone in the BSE images. This technique was effective in many cases where the tonal differences between the phases were clear. However, for phases with very similar grayscale tones in the BSE images (for example, pyroxene and olivine), or in the case of very compositionally zoned phases, it was often necessary to use the elemental maps to refine the selection. Having identified the phases within a given sample or area, it was then possible to use GIMP to count the pixels associated with each phase and calculate the modal mineralogies from these pixel counts. The accuracy and reproducibility of this method was previously demonstrated with several wellcharacterized Apollo 12 basalts (Snape et al. 2011a (Snape et al. , 2011b Snape 2012 ).
Major and Minor Element Bulk Compositions
The bulk sample compositions (Table 3) were measured using the EDS probe and INCA software package by performing multiple raster beam analyses (RBA) across the sample areas with acquisition times of 480 s (see also Joy et al. 2010 Joy et al. , 2011 Snape et al. 2011a Snape et al. , 2011b . Prior to each set of measurements, the EDS detector was calibrated by analyzing a Co standard. Repeat RBA were averaged together and the mean result was normalized to reduce the effects of void spaces, mineral edge effects, and small fractures. The errors quoted for these average values are the 1r standard deviations between the individual RBA, and therefore indicate the instrumental precision of the measurements. Samples that were too large to fit within the maximum field of view of the electron microprobe were divided into multiple areas within which the area scans were performed. The sizes of these areas were then measured using the image processing program ImageJ (Rasband 1997 (Rasband -2013 Schneider et al. 2012 ) and used to weight each set of area scan results (based on their relative sizes) prior to combining them to obtain an overall sample composition.
To monitor and assess the accuracy and precision of the EDS system, measurements were obtained from a section of the U.S. Geological Survey (USGS) BCR-2 basaltic glass standard before and after each set of sample analyses. Comparison of these measurements with the composition reported by the USGS (http://crustal.usgs. gov/geochemical_reference_standards/; Wilson 1997) indicates a relative error of <6% for almost all elements present at concentrations >0.1 wt% (including Na, Mg, Al, Si, K, Ca, Ti, Cr, Mn, and Fe). An exception to this is P, for which accurate measurements at low concentrations are difficult to obtain by EDS due to an overlap between the P Ka and Si Ka X-ray emission lines.
Differences in density between individual phases within the area being analyzed are known to result in a potentially significant error associated with RBA and similar defocused or broad beam analyses (Dowty et al. 1973; Albee et al. 1977) . This invariably leads to underestimations for concentrations of heavier elements such as Mg and Fe, and overestimations of lighter elements such as Al (Dowty et al. 1973) . As such, a correction outlined by Warren (1997) has been used to correct the analyses made in this investigation. A more detailed discussion of the implementation of Warren's (1997) method used in this study can be found in Snape (2012) .
Major and Minor Element Mineral Chemistry
Major and minor element analyses of individual mineral phases were performed with the JEOL JXA-8100 electron microprobe wavelength dispersive spectroscopy (WDS) system at UCL/Birkbeck. Measurements were made using a 15 kV accelerating voltage, a 25 nA beam current, and a 1 lm diameter beam. A peak acquisition time of 20 s (with a background acquisition time of 10 s) was used for a majority of the elements analyzed; a peak time of 10 s and a background time of 5 s were used for Na. All measurements were calibrated with well-characterized standard samples, including: jadeite (Na), orthoclase (K), olivine (Mg, Fe), apatite (P, Ca) corundum (Al), wollastonite (Si), rutile (Ti), Cr-metal (Cr), Mn-metal (Mn), Ni-metal (Ni) V-metal (V), and Co-metal (Co).
Measurements with analytical totals (in oxide weight percent) of <97.5% or greater than 102.5% were rejected. The remaining measurements were then subjected to stoichiometric checks to confirm that the compositions agreed with canonically accepted mineral formulae (Deer et al. 1966; Papike et al. 1991) . Additional corrections were applied for Fe/Co and Ti/V Ka-peak and Kb-peak overlaps, based on repeat measurements of pure metal standards. As with the EDS RBA, the USGS BCR-2 basaltic glass standard was used as an external standard to allow the accuracy and precision of the data to be assessed. Multiple measurements of the BCR-2 standard were obtained throughout the course of each set of analyses. A majority (88%) of these measurements are within the errors quoted by the USGS for the standard glass for elements present at concentrations >0.1 wt%. The relative errors between the measured concentrations and the USGS values are also consistently below 5% for a majority of these elements. An exception to this is Na (typically below 10%) for which accurate measurements are difficult to obtain due to the element's volatility upon interaction with the electron beam.
Trace Element Mineral Chemistry
Mineral trace element chemistries were determined using a laser ablation inductively coupled plasma mass spectrometer (LA-ICP-MS), with a similar analytical procedure as described by Joy et al. (2010 Joy et al. ( , 2011 . The instrumental setup consisted of a New Wave Research UP-213 aperture imaged frequency quintupled laser ablation system (213 nm) coupled to an Agilent 750a quadrupole-based ICP-MS with a shield torch to reduce (Pearce et al. 1997) . Olivine analyses were calibrated with MnO (wt%), using the NIST SRM 610 glass as an external standard. Repeat measurements of the NIST glasses were compared with the preferred average NIST 610 and 612 element concentrations reported by Pearce et al. (1997) to assess their accuracy. The difference between the values in this study and the Pearce et al. (1997) values was <10% for all elements analyzed, and typically <5%. The relative standard deviation of all the NIST 610 standard repeat measurements had a total range of between 1 and 15% (1r) for all elements analyzed except Au and Cu (between 1 and 22%). The relative standard deviation of all the NIST 612 standard repeat measurements was less than 15% (1r) for a majority of the elements analyzed. However, several elements (e.g., Zn, Au, and U) appear to be less reproducible, with relative standard deviations of between 3 and 28%.
RESULTS

Bulk Compositions
Major and minor element bulk compositions for the 12003 samples are listed in Table 3 . A majority of the samples have between 1.2 and 4.8 wt% TiO 2 , consistent with low-Ti mare basalts 
Petrography
Initial observations by both optical and electron microscopy revealed textural differences between the samples. The variety of modal mineralogies and major and minor element bulk compositions of the samples are also broadly consistent with these observations. For this discussion, a preliminary petrographic grouping has been defined based on the textural similarities between the samples, their modal mineralogies, and bulk compositions (Tables 2 and 3 ).
Type 1
Three of the 12003 samples have groundmass textures that vary from subophitic to variolitic. The finest grained (approximately 0.01-0.40 mm) of these samples (12003,308_1A) has a porphyritic texture with phenocrysts of pyroxene and a subophitic groundmass of prominently zoned pyroxene (51% by modal abundance) and laths of plagioclase (39%; approximately 400 9 50 lm; Fig. 2a ). Elongated crystals of plagioclase (approximately 400 9 50 lm) are common throughout the sample. A general alignment of many of these laths is also observed, although this is not consistent in all cases. Many of the laths have an intrafasciculate texture with hollow cores containing pyroxene. Other plagioclase grains occur adjacent to pyroxene grains forming a variolitic texture. 12003,308_1A also stands out as having significantly more crystalline silica than any of the other 12003 samples (6%; Table 2 ). This occurs as anhedral grains (approximately 10-75 lm) of an undetermined silica polymorph. These are commonly adjacent to the most Fe-rich areas of pyroxene grains. The next most abundant minor mineral in this sample is ilmenite (4%). This also forms elongated laths (approximately 150 9 10 lm) that sometimes cross-cut, and in other instances are cross-cut by, the larger plagioclase grains. Accessory minerals are common around the more evolved pyroxene rims and silica grains. These include small (<10 lm) grains of troilite, FeNi metal, and apatite.
12003,312_C has a porphyritic texture with large (up to approximately 1.6 mm) mafic phenocrysts in a fine-grained (approximately 5-80 lm) variolitic matrix (Fig. 2b) . The matrix is composed of thin plagioclase laths (approximately 60 9 5 lm, 50% by mode; Table 2 ); interstitial pyroxene grains (approximately 50 9 10 lm); small ilmenite needles (approximately 15 9 2 lm, 4% by mode); and occasional interstitial grains of a silica polymorph (approximately 10-30 lm; 2%). A majority of the phenocrysts are elongated (approximately 0.3-1.6 mm) zoned pyroxene. The sample also contains several olivine phenocrysts, including two skeletal olivine grains (approximately 0.2-0.5 mm; Fig. 2b ). Subhedral to euhedral spinel crystals (30-90 lm) are also present throughout the sample. These occur as isolated grains in the fine-grained matrix as well as adjacent to and partially enclosed in the larger pyroxene and olivine phenocrysts. The sample contains a single glomerophyric spinel cluster that appears to be associated with a small (30 lm) grain of FeNi metal. Several other smaller (10-20 lm) independent FeNi metal grains are present in the 12003,312_C groundmass.
12003,314_D is a more coarse-grained (0.2-1.1 mm; Fig. 2c ) subophitic sample composed mostly of plagioclase (55% by mode) and pyroxene (39%). The sample has a higher abundance of plagioclase, and consequently is more Al-rich, than any of the other 12003 samples (Al 2 O 3 = 16.7 AE 0.1 wt%; Table 3 ). The minor phases in 12003,314_D include silica, spinel, and ilmenite (Table 2 ). These form intergrowths with plagioclase and pyroxene on a smaller scale (<50 lm) than that of the two major phases. Large (0.1-0.6 mm) crystals of a silica polymorph are common throughout the sample (4% by modal abundance). These are often fractured and embayed. Spinel is the next most abundant phase in 12003,314_D (1%) 
Type 2
Seven samples contain olivine phenocrysts (4-26% by modal abundance) and have more ophitic groundmass textures than the type 1 samples composed of pyroxene (47-60%) and plagioclase (18-32%; Fig. 2d ). The plagioclase grains in these samples are less elongate and more tabular than those in 12003,308_1A (approximately 350 9 100 lm). However, the plagioclase grains in several of the samples have similar intrafasciculate textures and radiating plagioclasepyroxene. These samples contain more spinel than 12003,308_1A, but less ilmenite (1-4% by modal abundance) and less silica (≤1%). The spinel crystals occur as subhedral to euhedral microphenocrysts between approximately 10-180 lm in size. The majority of the spinels are adjacent to and only partially enclosed by olivine. However, several small (approximately 10-30 lm) grains are completely enclosed within the larger olivine phenocrysts (Fig. 2d) . The spinel grains are commonly grouped together to form glomerophyric clusters. Ilmenite is present as both anhedral interstitial grains and subhedral laths. Accessory minerals such as FeNi metal, troilite, apatite, and high-K glass are present throughout these samples. These are most common in the Fe-rich pyroxene rims, and often occur adjacent to silica grains and within fine-grained (<10 lm) mesostasis areas.
Type 3
Two samples (12003,308_5A and 12003,308_7A) have coarser grained (approximately 0.25-0.80 mm) textures. They are almost entirely composed of mafic minerals (93-95% by modal abundance) and contain little plagioclase (1-5%), resulting in higher bulk-rock Mg# (67-68) than any of the other 12003 samples (Mg# = atomic Mg/[Fe+Mg] 9 100; Fig. 2e ). Pyroxene is the most abundant phase in these samples (82-85%). Olivine (10-11%) occurs as rounded medium-large (approximately 65-550 lm) grains entirely enclosed by the pyroxene phases of these samples. Subhedral to euhedral spinel grains (approximately 30-100 lm) are also relatively common (2-3%). Exsolved ilmenite, small (<10 lm) troilite grains, and associated FeNi metal grains were identified within one of the more Ti-rich spinel in 12003,308_5A. Separate similarly sized merrillite and FeNi metal grains were also identified in both samples. No silica was identified in either of these samples.
Type 4
12003,308_3A and 12003,316_C also have coarser grained (approximately 0.1-0.8 mm) textures, composed of mostly subhedral to euhedral crystals of olivine (37-44%) and anhedral pyroxene (17-34%) poikilitically enclosed by plagioclase (26-37%; Fig. 2f ). Spinel is present as a minor phase (1-2% by modal abundance), forming subhedral microphenocrysts that range between approximately 20-100 lm in size and occasionally exhibit patches of ilmenite exsolution approximately 5-15 lm in size. The samples also contain separate subhedral to anhedral ilmenite grains (30-130 lm; <1%). Accessory minerals include grains of troilite and associated FeNi metal blebs (<10 lm). Several small (<10 lm) grains of K-feldspar were also identified in 12003,308_3A, most notably in a region of mesostasis adjacent to an olivine grain. No silica was identified in either of these samples.
The two samples from the 12003,311 parent (12003,311_1C; 12003,311_2C) have textures similar to the 12003,308_3A and 12003,316_C samples (Fig. 2g) . However, these samples contain more pyroxene (42-43%) and less olivine (18-19%) . Several of the olivine grains appear to exhibit pyroxene overgrowths. The pyroxene in the 12003,311 samples exhibits patchy zoning and several grains contain 1-10 lm thick lamellae. These have two orientations, which intersect at approximately 40°, and are occasionally slightly curved. The 12003,311 samples also include an unidentified phosphate species as an accessory phase, in addition to anhedral grains of FeNi metal, sulfide, and K-feldspar (approximately 5-20 lm). Silica is rare (<0.1% by modal abundance) in both samples, but occurs adjacent to plagioclase, ilmenite, and the FeNi metal grains.
Type 5
12003,317_D has a more granular texture than the other 12003 samples and is composed mostly of pyroxene (57% by mode) and plagioclase (34%; Fig. 2h ). The plagioclase occasionally occurs as elongated subhedral grains with intrafasciculate textures, but more commonly as anhedral grains with irregular resorbed edges. The pyroxene in 12003,317_D encloses plagioclase and exhibits irregular patchy zoning. The most abundant minor phase in 12003,317_D is a silica polymorph (5% by mode; Table 2 ). This is present as approximately 70-600 lm grains, which tend to be adjacent to and intergrown with the plagioclase phases. Several smaller grains are completely enclosed in plagioclase (Fig. 2h) . Anhedral ilmenite grains are also common (4%) and typically occur at the boundaries between the plagioclase and pyroxene phases. Mesostasis areas are located toward the edges of pyroxene phases and adjacent to silica grains. These contain pyroxferroite, high-K glass, and phosphate phases (5-50 lm in size). The pyroxenes also contain exsolved Fe metal grains (5-20 lm).
Mineral Chemistry
Plagioclase
For a majority of the 12003 samples, plagioclase are An 85-95 (An = atomic Ca/[Ca+Na+K] 9 100; Table 4 ; Fig. 3a ). Exceptions to this are 12003,308_7A, (An 77-93 ) and 12003,317_D (77) (78) (79) (80) (81) (82) (83) (84) (85) (86) (87) (88) (89) (90) (91) (92) (93) (94) (Bence et al. 1970; Anderson and Smith 1971; Brett et al. 1971; Brown et al. 1971; El Goresy et al. 1971; Hollister et al. 1971; Keil et al. 1971; Kushiro et al. 1971; Newton et al. 1971; Taylor et al. 1971; Weill et al. 1971; Butler 1972; Crawford 1973; Dungan and Brown 1977; Marvin and Walker 1985 Figs. 5d and 5e ). The low-Ca pigeonite is more abundant than the high-Ca augite in all of the samples (Table 2) .
Trivalent pyroxene REE concentrations in the 12003 samples vary between 0.06 to 120 9 CI abundances (Fig. 8) . The 12003 pyroxene grains typically have significantly higher concentrations of heavy REE than light REE, although the CI-normalized REE patterns become flatter toward the rims of the more compositionally zoned grains (La cn /Lu cn = 0.01-0.59). The high-and low-Ca pyroxene phases in the type 3 samples (12003,308_5A and 12003,308_7A) can also be distinguished by their REE concentrations, with the high-Ca phases having higher concentrations (up to 24 9 CI values) than the low-Ca phases (up to 10 9 CI abundances; Fig. 8e ). This is not the case for the type 4 samples (12003,308_3A and 12003,316_C), however, in which the low-and high-Ca pyroxene REE concentrations are indistinguishable (Fig. 8f) . 
Olivine
As with the pyroxene grains, the type 1 and 2 olivine phenocrysts are compositionally zoned (Table 4 ; Fig. 3b) . Most of the type 2 olivine phenocrysts have compositions between Fo 39-74 . A wider range of olivine compositions is noted within 12003,308_2A (Fo 3-73 ), which contains several small (approximately 10-50 lm) fayalite grains adjacent to the most evolved pyroxene rims. The olivines in type 1 sample, 12003,312_C, have less forsteritic core compositions (Fo 41-64 ) than those in the type 2 samples. By contrast, the compositionally equilibrated nature of the phases in the coarser grained type 3 samples (Figs. 5d,  6d , and 7d) is also apparent in the less zoned olivine compositions (Fo 61-68 , respectively; Fig. 3b ).
Minor Phases
The 12003 silica phases typically have SiO 2 between 96 and 98 wt%. The most abundant minor elements in the silica phases are Al, Ti, and Fe (Al 2 O 3 = 0.4-0.8 wt%; TiO 2 = 0.2-0.5 wt%; FeO = 0.1-0.6 wt%). Relative to those in the other 12003 samples, the type 3 and 4 ilmenite grains have higher concentrations of MgO (1.7-6.4 wt%).
The spinel phases in 12003,312_C and the type 2 samples have mostly chromite compositions (2Ti [10] [11] [12] [13] [14] Al 24-29 Cr 59-66 ; 2Ti = atomic 2Ti/[2Ti+Al+Cr] 9 100; Al = atomic Al/[2Ti+Al+Cr] 9 100; Cr = atomic Cr/ [2Ti+Al+Cr] 9 100; Table 4 ). However, many of the larger crystals and glomerophyric clusters have ulv€ ospinel rims (2Ti 37-86 Al 6-18 Cr 8-45 ). Where the spinel grains are partially enclosed in or adjacent to mafic phenocrysts, the ulv€ ospinel rims occur around the edges that are not in contact with the phenocryst but are adjacent to the surrounding groundmass material (Figs. 2b and 2d) . Some smaller chromite grains in the type 2 samples are entirely enclosed in olivine phenocrysts. The more coarsely grained type 3 and 4 lithologies also exhibit a wide range of spinel compositions (2Ti 19-80 Al 7-32 Cr 13-55 ). However, individual grains are typically more internally homogeneous, with the exception of patches of ilmenite exsolution, and follow a different trend in compositional evolution (Fig. 9a) . By comparison, the spinel grains in 12003,314_D have a relatively narrow range of ulv€ ospinel compositions (2Ti 89-92 Al 4-5 Cr 4-7 ). (Bence et al. 1970; Boyd and Smith 1971; Brett et al. 1971; Keil et al. 1971; Grove et al. 1973; Dungan and Brown 1977; Beaty et al. 1979; Shearer et al. 1989) . Di = diopside; Hd = hedenbergite; En = enstatite; Fs = ferrosilite. Compositions are compared with those reported for pyroxene in other Apollo 12 samples (Bence et al. 1970; Boyd and Smith 1971; Brett et al. 1971; Keil et al. 1971; Grove et al. 1973; Dungan and Brown 1977; Beaty et al. 1979; Shearer et al. 1989) . (Bence et al. 1970; Boyd and Smith 1971; Brett et al. 1971; Keil et al. 1971; Grove et al. 1973; Dungan and Brown 1977; Beaty et al. 1979; Shearer et al. 1989 ).
Accessory Phases
The 12003 (Shearer et al. 1989) ; the ilmenite basalts 12022,304 and 12063,330; the feldspathic basalt 12038,263; the Apollo 15 low-Ti olivine-normative (15016 and 15555) and quartz-normative (15475 and 15499) basalts (Schnare et al. 2008) ; and the lunar meteorite MIL 05035 (Joy et al. 2008 ). metal grain (Fe = 100 wt%; Ni = 0.5 wt%; Co = 0.5 wt%) was identified in one of the type 2 samples (12003,310_3A), and the metal grains in 12003,314_D and 12003,317_D all contain between 98.5 and 99.5 wt% Fe and 1.0-1.2 wt% Co.
Where EMP WDS analyses were successfully made, a majority of the 12003 phosphate phases were determined to be apatite (P 2 O 5 = 39-42 wt%; CaO = 53 wt%), with the exception of those in the type 3 samples (12003,308_5A and 12003,308_7A), which were identified as merrillite (P 2 O 5 = 45 wt%; CaO = 46 wt%).
DISCUSSION
Evaluation of Bulk Sample Results
As referred to in the introduction, the representativeness of modal mineralogy and bulk chemistry measurements for small sample sizes is questionable. In their review of bulk analyses of Apollo 15 basalts, Ryder and Schuraytz (2001) determined that analyses of masses <1 g were inadequate to properly characterize such samples. Given that all of the 12003 samples analyzed in this study had masses <50 mg prior to mounting in epoxy and, furthermore, that their bulk compositions were determined on the basis of single cross section areas of these masses, we are extremely reluctant to overinterpret these values. The problem is clearly demonstrated with the samples 12003,311_1C and 12003,311_2C, which are known to originate from the same parent rock, yet have significantly different bulk TiO 2 values (2.5 and 0.98 wt%; Table 3 ) primarily due to different modal abundances of ilmenite (2 and <1%). Nevertheless, for finer grained samples (e.g., 12003,308_1A and 12003,312_C), the bulk chemistries and modal mineralogies can potentially provide useful information to be evaluated in conjunction with mineral chemistries.
Parent Melt Compositions
The Mg# of the parent melt (Melt Mg# ) for a given basalt can be predicted from the Fo# of liquidus olivine phases (Oliv Fo ), assuming that these were in equilibrium with the melt when they formed. To do this, the following equation is used
(1) (Roedder and Emslie 1970; Niu et al. 2002) where K d is the distribution coefficient describing the exchange of Fe and Mg between olivine and a coexisting basaltic melt (determined to be 0.33 for low pressure low-Ti lunar melts; Grove and Vaniman 1978; Longhi et al. 1978) . By taking the most forsteritic olivine compositions in each of the 12003 chips as an estimate of Oliv Fo , the Melt Mg# for each chip has been calculated (Table 5) . It is also possible to predict Oliv Fo from Melt Mg# by rearranging Equation (1) such that (Joy et al. 2008) . If the bulk composition of a given basaltic sample is representative of the parent melt from which it crystallized, then the bulk Mg# % Melt Mg# . This comparison is made for each sample in It is also possible to calculate the REE composition of the basaltic melts from trace element mineral compositions. Several problems are known to exist with such calculations and have been described more fully elsewhere (e.g., Treiman 1996) . The most significant problems are the lack of suitable partition coefficients for different phase compositions and crystallization conditions, and the equilibration of phases leading to the modification in their initial liquidus compositions. In addition to this, the extent of compositional zoning in many of the 12003 phases and relatively coarse laser spot size (55 lm) made it hard to ensure that the areas analyzed were homogeneous and representative of the most primitive core compositions.
Melt compositions were calculated from plagioclase analyses using the coefficients compiled by Snyder et al. (1992) . The issue of suitable pyroxene partition coefficients was addressed using the method of Liang (2012, 2013) to calculate coefficients based on the compositions of individual pyroxene phases (see Appendices S4 and S5).
A majority of the 12003 plagioclase parent melts have trivalent REE concentrations of between approximately 10-300 9 CI abundances (Fig. 10) . The type 1, 2, 4, and 5 pyroxene parent melts have trivalent REE concentrations of between approximately 10-1000 9 CI abundances. The type 3 pyroxene parent melt compositions are less varied with trivalent REE concentrations of approximately 3-70 9 CI abundances (Fig. 10e) .
The wide range of REE concentrations in the type 1, 2, and 5 pyroxene phases may be evidence of fractional crystallization (e.g., Fig. 8d) . A similar effect might be also expected to result from the changing partition coefficients as the pyroxene compositions evolve. However, despite the variation in the calculated partition coefficients (see Appendix S4), the parent melts of these samples show a similarly wide range of REE concentrations (Fig. 10d) , as would be expected from fractional crystallization of the melts. Contrary to the relatively narrow range of REE concentrations measured in the type 4 pyroxenes, the ranges of calculated parent melt compositions for these samples are as wide as those for the type 1, 2, and 5 samples and may, therefore, indicate fractional crystallization of the type 4 samples as well (Figs. 10f and 10g) . The more narrow range of REE concentrations in the type 3 parent melts, on the other hand, indicates either a lower degree of fractionation during crystallization of these samples or subsolidus equilibration (Fig. 10e) .
The similarity in REE concentrations between the low-and high-Ca pyroxenes in the type 4 samples (12003,308_3A and 12003,316_C) may imply the The pyroxene partition coefficients were calculated using the method outlined by Liang (2012, 2013 derivation of these phases from different magmas. Calculating the parent melt compositions for these samples does not provide conclusive evidence of this. The high-Ca pyroxene parent melts for both the type 3 and the type 4 samples tend to have lower REE concentrations than those of the low-Ca pyroxenes; however, the ranges of REE concentrations are not distinct but instead overlap (Fig. 10f) . The light REE concentrations of the 12003,316_C high-and low-Ca pyroxene parent melts are distinct (Appendix S4), although this is likely an artifact of undersampling, especially given the wider range of parent melt REE compositions calculated for the 12003,308_3A low-Ca pyroxene phases.
Crystallization Histories
Crystallization sequences have been inferred from the textural relationships and major and minor element chemistries of the phases in the 12003 samples and are summarized in Table 6 . The pyroxene, olivine, and chromite phenocrysts in the type 1 and 2 samples are interpreted as the first phases to crystallize. However, the order in which these formed is not always apparent on the basis of textural observations. In the type 2 samples, chromite grains are completely enclosed in olivine, but they are located toward the rims of the phenocrysts, indicating that olivine began to crystallize first and subsequently cocrystallized with chromite. The 12003,312_C (type 1) chromite grains are located on the edge of the larger mafic phenocrysts, but not completely enclosed, possibly suggesting slightly later crystallization of spinel. The location of the ulv€ ospinel rims of the type 1 and 2 chromite grains indicates that ulv€ ospinel began to crystallize after the olivine and (in the case of 12003,312_C) pyroxene phenocrysts. The plagioclasepyroxene intergrowths in most of the type 1 and 2 samples are interpreted as evidence of the cocrystallization of the two phases (Figs. 2a-d) (Drever et al. 1973) . The decreasing Al/Ti ratio in most of the type 1 and 2 pyroxenes also provides an indication of plagioclase cocrystallization beginning between pyroxene Fe# 0.30 and 0.40 (Figs. 7a and 7b ). In the case of 12003,314_D, the association and intergrowth of these with the minor phases present is interpreted as evidence that both pyroxene and plagioclase were still crystallizing when silica, spinel, and ilmenite appeared on the liquidus. By contrast, the interstitial nature of the groundmass pyroxene in 12003,312_C suggests that it formed after the plagioclase laths (Fig. 2b ).
Olivine and spinel are also interpreted to be the first phases to have crystallized in the coarser grained type 3 and 4 samples. Again, the location of spinel grains enclosed in, but toward the edge of the olivine crystals is interpreted as evidence that olivine began to crystallize first and then cocrystallized with spinel. The typically more anhedral interstitial nature of pyroxene and plagioclase in these samples indicates that they crystallized after the olivine and spinel (Figs. 2e-g ). The pyroxene overgrowths in the 12003,311 olivine grains are also consistent with this interpretation.
With the exception of the type 3 and 4 samples, in which the phases are more compositionally homogeneous, the evolving major and minor element compositions of the mafic phases have also been used to determine crystallization sequences. The variation in Cr in the 12003 olivine phases typically begins to decrease rapidly as the olivine compositions evolve beyond Fo~6 5-70 (Fo# = atomic Mg/[Mg+Fe] 9 100; Figs. 11a-c) and then less rapidly beyond Fo~5 5 . This is particularly clear in the type 2 samples, and is interpreted as partitioning of Cr into cocrystallizing chromite and until the cocrystallizing spinel phase changes from chromite to ulv€ ospinel.
The effect of cocrystallizing spinel is also visible in the Ti# (atomic Ti/[Cr+Ti]) of the type 1 and 2 pyroxene phases (Fig. 6 ). This increases rapidly between Fe# approximately 0.30 and 0.40 (atomic Fe/[Mg+Fe]) as Cr is partitioned into cocrystallizing chromite, and then less rapidly beyond this point (Fig. 6) . This indicates the partitioning of Ti into another phase, or increasing Cr in the pyroxene, most likely due to the crystallization of ulv€ ospinel. As the pyroxenes evolve beyond Fe# approximately 0.45-0.55, the Ti# increases (Fig. 7) . Although similar trends are observed for the 12003,312_C pyroxenes, they tend to occur at later stages, with chromite cocrystallization occurring until the pyroxene compositions reach Fe# approximately 0.50, and crystallization of ilmenite not beginning until Fe# approximately 0.70. However, there is no clear indication in the type 5 pyroxene mineral chemistry that pyroxene cocrystallized with plagioclase, or began to crystallize prior to plagioclase or ilmenite.
The calculated parent melt REE abundances of the 12003 samples provide further information regarding crystallization histories. In the case of the type 1 and 2 samples, the plagioclase and pyroxene parent melts have overlapping ranges of REE abundances; however, the range of pyroxene parent melts in each sample begins at lower REE concentrations than those of the plagioclase parent melts. This is consistent with the pyroxene in these samples beginning to crystallize first and subsequently cocrystallizing with plagioclase. The lower REE abundances in the type 3 and 4 samples of the high-Ca pyroxene melts, compared with those for the low-Ca pyroxenes, indicate that the highCa phases began to crystallize first. In the type 3 samples, the range of REE concentrations in the plagioclase parent melts is higher than those in the high-Ca pyroxene melts, but overlaps with those in the low-Ca pyroxene melts. This is interpreted as evidence that the plagioclase began crystallizing after the high-Ca pyroxenes and was cocrystallizing with the low-Ca phases. This is not the case in the type 4 samples, where the plagioclase parent melt REE (Bence et al. 1970; Kushiro et al. 1971; Butler 1972; Dungan and Brown 1977; Fagan et al. 2013) . Error bars represent 1r errors.
abundances overlap with both the low-and high-Ca pyroxene parent melts.
For the type 5 sample, the plagioclase parent melts have REE abundances that lie mostly within a gap in the ranges of pyroxene melts. This may be suggestive of two distinct phases of pyroxene crystallization between which was a period of plagioclase crystallization. This is consistent with the texture of the sample, in which plagioclase is commonly enclosed by pyroxene. Furthermore, the most Fe-rich pyroxenes are commonly in interstitial areas in the plagioclase and surrounding the resorbed plagioclase grain boundaries (Fig. 2h) .
Comparison with Other Apollo 12 Basalts
With two exceptions, the 12003 samples have lowTi bulk compositions (Table 3 ) consistent with other Apollo 12 basaltic compositions. Samples 12003,311_2C and 12003,316_C have very low-Ti compositions (i.e., where bulk TiO 2 <1 wt%; Neal and Taylor 1992); however, the coarse grain sizes of these samples may result in bulk measurements, which are unrepresentative of the parental rocks. This is particularly noticeable in the case of 12003,311_2C (TiO 2 = 0.98 wt%), which almost certainly originated from the same parent chip as 12003,311_1C (TiO 2 = 2.48 wt%). Similarly, despite having an apparent very low bulk Ti composition (TiO 2 = 0.91 wt%), the Fe# and Ti# of the 12003,316_C pyroxene are more similar to those of lowTi and high-Ti mare basalts (Fig. 6e) (Nielsen and Drake 1978; Arai et al. 1996; Robinson et al. 2012) .
Although bulk Mg# values have been calculated for the 12003 samples (Table 3 ), it has not been possible to perform bulk trace element analyses that would provide a measure of their Rb/Sr ratios. The type 2, 3, and 4 samples all have Mg# ≥46 and, thus, fall within the range of either olivine or ilmenite basalts according to the Neal et al. (1994a Neal et al. ( , 1994b scheme. The type 1 and 5 samples have lower Mg# (≤41) and are within the range of the feldspathic, pigeonite, or ilmenite basalts.
The bulk REE compositions of previously measured Apollo 12 samples are largely within the ranges of the calculated parent melt REE abundances for the 12003 samples. Unfortunately, the degree to which the bulk compositions from different basaltic suites overlap makes it very difficult to use this assign any of the 12003 samples to a particular suite.
Type 1
The type 1 samples 12003,308_1A and 12003,314_D lack olivine, and so are not likely to be members of the Apollo 12 olivine basalt suite. The lowest modal proportion of olivine reported in an olivine basalt is 5.7% (12072; Neal et al. 1994a) . Similarities can be seen between these samples and the feldspathic, ilmenite, and pigeonite basaltic suites. The lack of olivine, plagioclaserich nature, and correspondingly high concentrations of Al 2 O 3 of the samples (Tables 2 and 3) , makes them comparable to the feldspathic basalt 12038 (Neal et al. 1994a) .
The 12003,308_1A sample has the highest bulk Ticontent of the 12003 samples (TiO 2 = 4.8 wt%), attributable to its relatively high ilmenite content (3.7% by mode). While a majority of the Apollo 12 ilmenite basalts are reported to have similar and relatively higher TiO 2 contents (James and Wright 1972; Rhodes et al. 1977; Neal et al. 1994b) , the absence of olivine and the large amounts of silica in 12003,308_1A are less common features of the ilmenite basalt suite. However, several of the ilmenite basalts do have similar modal mineralogies to 12003,308_1A (e.g., 12047, 12061, 12062, and 12064; Klein et al. 1971; McGee et al. 1977; Dungan and Brown 1977; Neal et al. 1994a) . The high modal abundance of silica in 12003,308_1A (6%) is also unusual for the Apollo 12 ilmenite basalts (James and Wright 1972; Neal et al. 1994a) .
Low modal abundances of olivine and high abundances of silica are more common in the pigeonite basalts (e.g., samples 12007, 12021, 12031, 12039, 12043, and 12065; McGee et al. 1977; Baldridge et al. 1979; Neal et al. 1994a ). Most of these basalts tend to be coarser grained than 12003,308_1A. The pigeonite basalt 12021 bears the closest textural resemblance to the type 1 sample. For example, 12003,308_1A has both the intrafasciculate and the radiate textures of 12021 described by Drever et al. (1972 Drever et al. ( , 1973 , which they suggest are the result of rapid cooling. Major and minor element compositional zoning of pyroxene in the type 1 sample is consistent with that observed in 12021 (Boyd and Smith 1971; Weill et al. 1971) (Fig. 5a ). REE concentrations of pyroxenes in the type 1 sample are also consistent with those in the pigeonite basalt 12052, but have a larger range than those in 12021 (Shearer et al. 1989) (Fig. 8a) . Plagioclase and spinel compositions reported for 12021 are also broadly similar with those of the type 1 sample (Figs. 3a and 9 ) (Weill et al. 1971; Crawford 1973) .
Although a crystallization sequence has not been deduced for 12021, the crystallization sequences presented by Baldridge et al. (1979) for various pigeonite basalts are consistent with that inferred for 12003,308_1A from the pyroxene chemistries (chromite ? pyroxene ? ulv€ ospinel ? plagioclase ? ilmenite). Therefore, the sample is provisionally interpreted to be a small fragment of the same lava flows that sourced the Apollo 12 pigeonite basalts.
Several other porphyritic pigeonite basalts exist with similar textures to 12003, 312_C (e.g., samples 12019, 12052, 12053, 12055) . The modal mineralogy and bulk composition of 12003,312_C are also in good agreement with those reported for Apollo 12 pigeonite basalts, including the porphyritic samples 12019, 12052, and 12053 (Tables 2 and 3) (Papike et al. 1976; Papike and Vaniman 1978; Baldridge et al. 1979; Neal et al. 1994a) .
The pyroxene compositions in the 12003,312_C phenocrysts are consistent with those reported for 12052 by Bence et al. (1970 Bence et al. ( , 1971 and Shearer et al. (1989) (Figs. 5c and 8b) . The 12003,312_C pyroxene REE compositions are also very similar to those measured in phenocrysts of low-Ti olivine-and quartz-normative Apollo 15 basalts (Fig. 8b) (Schnare et al. 2008) . These include the quartz-normative basalt 15499, which has a similar porphyritic texture to 12003,312_C. The range of major element olivine compositions in 12003,312_C ) is wider than that reported in 12052 (Fo 52-67 ; Figs. 3b and 11c) (Bence et al. 1970; Fagan et al. 2013) , although only four 12052 olivine analyses are available for comparison. The single LA-ICP-MS analysis of olivine in 12003,312_C also indicates low concentrations of Ni and Co similar to those in 12052, although the Ti/V ratio of the 12003,312_C olivine is higher than those in the four available 12052 olivine analyses (Fagan et al. 2013) . Spinel compositions were reported for 12052 by Gibb et al. (1970) and Haggerty and Meyer (1970) . These are in good agreement with those measured in 12003,312_C (Fig. 9) . Based on these observations, 12003,312_C is classified as a pigeonite basalt.
Sample 12003,314_D is texturally similar to the pigeonite basalts 12007, 12031, and 12039 and the feldspathic basalt 12038. The modal abundance of ilmenite in 12003,314_D is lower than that in 12038 and most pigeonite basalts. As such, the bulk TiO 2 concentration of 12003,314_D is also lower than that reported for either 12038 or any pigeonite basalts.
The major and minor element concentrations in the 12003,314_D pyroxene are comparable to those reported for 12038 (Keil et al. 1971; Beaty et al. 1979) and the pigeonite basalts 12021 and 12039 (Figs. 5d, 6d , and 7d) (Weill et al. 1971; Beaty et al. 1979; Shearer et al. 1989) . It is noticeable that the most primitive (i.e., Mg-rich) 12003,314_D pyroxene phases are less Mg rich than those in 12038, and the most evolved 12003,314_D pyroxene are more Fe enriched. Pyroxene and plagioclase trace element data obtained from 12038,263, are also in good agreement from those of 12003,314_D (Figs. 4a and 8c) . However, the most evolved 12003,314_D pyroxene phases also have higher REE than those in 12038,263. Both Simpson and Bowie (1971) and Keil et al. (1971) report the presence of ulv€ ospinel in 12038. As in 12003,314_D, this is described as containing exsolved ilmenite (Simpson and Bowie 1971) . The Fe# and Cr# of the 12038 and 12003,314_D ulv€ ospinel are very similar; however, those in 12003,314_D have higher Ti#s (Fig. 9) .
On balance, we interpret 12003,314_D as most likely being a slightly more evolved feldspathic basalt than 12038. If this interpretation is correct, it almost certainly crystallized from a separate lava flow to any of the other 12003 samples and would be notable as being one of the few currently recognized feldspathic basalts in the Apollo 12 sample collection (Neal et al. 1994a (Neal et al. , 1994b . Neal et al. (1994a) speculated that 12038 may represent an exotic sample introduced to the Apollo 12 site by impact mixing or, alternatively, that feldspathic basalt flows were poorly sampled by the Apollo 12 mission. Since then, Korotev et al. (2011) have identified two small (19 and 36 mg) basaltic fragments as potential feldspathic basalts. Identification of further feldspathic basalts collected at different locations to 12038 would strengthen the case for feldspathic basalt flows being local to the Apollo 12 site. Weightedaverage ages for each of the basaltic suites indicate that all three of the major suites were formed between approximately 3.18 and 3.20 Ga (Snyder et al. 1997) . A slightly older average age (3.28 Ga) is reported for the feldspathic basalt 12038. If this is the case, and the feldspathic basalt flow underlies those of the other three suites, then the scarcity of feldspathic basalt samples could be due to a lack of craters large enough to excavate this material (Fig. 12) .
Type 2
The 12003 type 2 samples have modal mineralogies, which are similar to those of the Apollo 12 olivine and ilmenite basalts (Grove et al. 1973; Neal et al. 1994a ). The samples have lower bulk concentrations of TiO 2 and higher Mg# than most ilmenite basalts and are more similar to the bulk compositions of Apollo 12 olivine basalts (Neal et al. 1994a (Neal et al. , 1994b . Texturally, the type 2 samples resemble the medium-grained porphyritic olivine basalt 12002. Grove et al. (1973) describe 12002 as containing phenocrysts of olivine and pyroxene, ilmenite laths, and "complexly zoned spinel with chromite cores overgrown by rims of chromian ulv€ ospinel." These features are observed in all of the type 2 samples. Many of the type 2 plagioclase crystals exhibit an intrafasciculate texture, which is also observed in 12002 (Drever et al. 1972; Grove et al. 1973) .
Major and minor element compositions of pyroxene and olivine within the type 2 samples are consistent with those of 12002 and other olivine basalts (Figs. 3b,  5a , and 5b) (Grove et al. 1973) . The wide range of type 2 pyroxene REE compositions (0.11-118 9 CI values) exceeds those in the ilmenite (12022 and 12063-0.40-67.5 9 CI values), pigeonite (0.15-47.2 9 CI values; Shearer et al. 1989), and feldspathic (12038-0.19-56.8 9 CI values) basalts for which trace data are available. However, the lunar meteorite MIL 05035 (0.33-110 9 CI values; Joy et al. 2008 ) and the low-Ti Apollo 15 quartz-normative basalt 15475 (0.03-262 9 CI values; Schnare et al. 2008) contain similarly wide ranges of pyroxene compositions resulting from fractional crystallization (Fig. 8d) .
Several analyses of more evolved olivine (Fo <60 ) in three of the type 2 samples have higher Ti/V ratios than previously observed in Apollo 12 olivine basalts (Fagan et al. 2013) , although mineral trace element data are currently only available for three basalts from the olivine suite and do not include analyses of similarly evolved olivine (Fig. 11d) . Ni and Co concentrations in the type 2 olivine phases are generally higher than those in the other 12003 samples and most similar to those in olivine basalts (Fig. 13) . Once again, exceptions to this are the most evolved olivine phases in one of the samples (12003,308_8A), which have lower concentrations of Ni and Co than those reported in other olivine basalts. Type 2 basalt olivine Ni concentrations appear to decrease throughout crystallization (Fig. 13a) , as has been observed in other low-Ti lunar basalts (Karner et al. 2003) , and so lower Ni concentrations in the type 2 12003 olivine may again be due to a lack of previous trace element analyses of evolved olivine. Conversely, Karner et al. (2003) observed incompatible behavior of Co in lunar olivine, making the lower Co concentrations in two of the more evolved 12003,308_8A olivine phases harder to explain, when compared with those in other type 2 samples such as 12003,308_2A and 12003,308_4A.
The spinel compositions in the type 2 samples are also comparable to those described in 12002 and a number of other variolitic and subophitic basalts within the Apollo 12 olivine and ilmenite suites (e.g., 12014, 12063, and 12065; Reid 1971; Taylor et al. 1971; El Goresy et al. 1971) (Fig. 9 ).
The type 2 olivine and pyroxene chemistries have been used to infer the following crystallization sequence: olivine ? chromite ? pyroxene ? ulv€ ospinel ? plagioclase ? ilmenite. This is in good agreement with the sequence of Apollo 12 basalt 12002 that Walker et al. (1976) derived from phase-equilibria and cooling rate studies. As such, the type 2 samples are inferred to be fragments of the same lava flows that sourced the Apollo 12 olivine basalts.
Type 3
The 12003 type 3 samples have modal mineralogies unlike any of the main Apollo 12 basaltic groups (Table 2 ; Papike and Vaniman 1978) . Several olivine vitrophyre samples (e.g., 12008, 12009, 12015) do have similarly low modal abundances of plagioclase, but also contain significantly more olivine and less pyroxene than the 12003 type 3 samples (Brett et al. 1971; Papike et al. 1976; Baldridge et al. 1979; Neal et al. 1994a ). The textures of these olivine vitrophyres, with their finegrained matrices and skeletal, dendritic, and euhedral olivine phenocrysts, are quite unlike the more coarsely grained type 3 samples with their rounded olivine grains (James and Wright 1972; Rhodes et al. 1977; Baldridge et al. 1979) (Figs 2e) . The ilmenite basalt 12005 is also reported to have low abundances of plagioclase and, although it too contains more olivine and less pyroxene than the type 3 samples, the cumulate texture described by Rhodes et al. (1977) and Dungan and Brown (1977) is more similar to that of 12003,308_5A and 12003,308_7A. 12005 has the highest Mg content of any previously studied Apollo 12 basalt (MgO = 19.97 wt%; Rhodes et al. 1977) . This is very close to the values measured for 12003,308_5A (MgO = 19.9 wt%) and 12003,308_7A (MgO = 18.6 wt%; Table 3 ).
Apollo 12 sample 12005 also has a similar range of olivine and pyroxene compositions to the type 3 samples (Figs. 3b, 5d , 6d, and 7d) (Dungan and Brown 1977) . For example, in addition to their unusually Fig. 12 . Simplified theoretical cross section of the Apollo 12 site, indicating stratigraphic sequence as inferred by Rhodes et al. (1977) and the estimated excavation depths of the three largest craters at the landing site. Scale is approximate with a 29 vertical exaggeration applied. Note the lack of craters large enough to excavate the feldspathic basalt unit. narrow compositional range, many of the clinopyroxene phases within 12003,308_5A and 12003,308_7A are less Fe-rich than most clinopyroxene phases in the other 12003 samples or other Apollo 12 basalts (Figs. 5d, 6d , and 7d). The Ti/V ratios of the type 3 olivines are also consistent with those of other Apollo 12 ilmenite basalts and are in particularly good agreement with those of 12005 ( Fig. 11d) (Fagan et al. 2013) . Ni and Co concentrations of the type 3 olivines are lower than those in Apollo 12 olivine basalts with equivalent Mn concentrations, but are within the range of those in ilmenite basalts (Fig. 13) . REE analyses of pyroxene in 12005 are not currently available; however, the REE concentrations in pyroxene phases of ilmenite basalt 12063,330 are in good agreement with those of the augite phases in the 12003 type 3 basaltic samples (Fig. 8e) . The type 3 pigeonite phases have lower REE abundances (trivalent REE = 0.06-9.75 9 CI values) than pyroxene in either of the pigeonite basalts analyzed by Shearer et al. (1989) (0.38-317 9 CI values) or any of the three well-characterized samples analyzed in this study (12022 = 2.54-67.5 9 CI values; 12038 = 0.19-56.8 9 CI values; 12063 = 0.26-135 9 CI values). In addition to this, the pyroxene parent melts calculated for the type 3 samples have REE abundances that are either at the low end or below the range of the bulk REE compositions previously reported in other Apollo 12 basalts (Fig. 10e) . This suggests that the samples (Karner et al. 2003) . Data are compared with those for olivines in other Apollo 12 basalts (Fagan et al. 2013) . Error bars represent 1r errors.
represent more primitive basalts. The REE abundances of the type 3 pigeonite phases are more similar to pyroxene in the Apollo 15 low-Ti olivine-normative basalts 15016 and 15555 (Fig. 8e) (Schnare et al. 2008) . Dungan and Brown (1977) also report the compositions of spinel in 12005, which fall along a similar trend to the type 3 basalt spinel on a plot of Ti# against Fe# (Fig. 9) . As with the type 3 basalt spinel, those in 12005 commonly exhibit ilmenite exsolution (Dungan and Brown 1977) . The high-Mg content of the ilmenite in 12003,308_5A also correlates with the ilmenite analyses reported by Dungan and Brown (1977) for 12005. Dungan and Brown (1977) also report the compositions of metal grains in 12005 (Ni = approximately 6-18 wt%; Co approximately 2 wt%), which are comparable to those in 12003,308_5A (Ni = 1.8-12 wt%; Co = 1.8-2.4 wt%). Based on these observations, the type 3 samples are interpreted to be fragments of primitive ilmenite basalts.
Type 4
The 12003 type 4 samples are also unlike most Apollo 12 basaltic samples. The modal mineralogy of 12003,308_3A is similar to those reported by Brett et al. (1971) and Papike et al. (1976) for the olivine basalt 12035. Samples 12035 and 12003,308_3A also have (1) similar bulk compositions (Table 3 ; Compston et al. 1971) ; (2) similar olivine compositions (Figs. 3b and 11c) (Butler 1972) ; and (3) similar spinel compositions (Fig. 9) (Reid 1971) . Reid (1971) described this sample as a gabbro (see also James and Wright 1972) with a cumulate texture and interpreted the spinel compositions and textural characteristics as being consistent with materials that crystallized early and accumulated toward the bottom of a lava flow, while the other finer grained olivine basalts represented the near-surface layers of the flow. Similar pyroxene, olivine, and spinel compositions are also observed between 12003,308_3A, 12003,316_C, and the ilmenite basalt 12005 (Figs. 5e, 6e , 7e, 9, and 11c) (Dungan and Brown 1977) . Sample 12005 is one of the only Apollo 12 samples identified as containing similarly equilibrated pigeonite and augite phases (Dungan and Brown 1977) .
The textures of the 12003,311_1C and 12003,311_2C samples reflect those in the equigranular ilmenite basalt 12016 (Fig. 2g) (Dungan and Brown 1977) . The modal mineralogies of the two 12003,311 samples (Table 2) are also comparable to those reported for 12016 (Dungan and Brown 1977; Neal et al. 1994a ). The major and minor element concentrations of the 12003,311 pyroxene, olivine, and spinel phases are also in very good agreement with those from the ilmenite basalt 12016 (Figs. 3b, 5f , 6f, 7f, and 9). Despite these similarities, the 12003,311 samples have less ilmenite, lower bulk concentrations of TiO 2 , and higher bulk Mg# than any of the ilmenite basalts (Neal et al. 1994a) . Given the comparatively coarse-grained textures and small sizes of these samples, this can almost certainly be attributed to unrepresentative sampling of the parent rock.
The type 4 basalt olivine phases have lower Co concentrations than those in any of the previously studied olivine or ilmenite basalts, and a majority of pigeonite basalts (Fig. 13d) . The ratios of Ti/V for many of the type 4 olivine phases are also higher than those in any previously studied Apollo 12 basalt (Fig. 11d) (Fagan et al. 2013) . Limited olivine trace element data are currently available for comparison, and it could be argued that these features may be due to differing crystallization conditions and variations in cocrystallizing phases such as spinel resulting in low concentrations of V and higher Ti (e.g., Karner et al. 2003; De Hoog et al. 2010) . However, similarly coarse-grained samples (including 12005) with similar inventories of ilmenite and spinel were analyzed by Fagan et al. (2013) . When compared with bulk compositions determined for olivine and ilmenite basalts, the parent melt compositions calculated for the type 4 samples have relatively high REE abundances (Figs. 10f and 10g ). This suggests that these samples cannot simply be explained as more primitive members of these basaltic suites. When combined with the samples' unusual modal mineralogy, these observations may indicate that the 12003 type 4 samples represent slowly cooled basalts from the base of a previously unrecognized low-Ti lava flow (Day and Taylor 2007) , or perhaps a subsurface magma chamber.
Type 5
The texture of the type 5 sample 12003,317_D is similar to the more granular texture described by Beaty et al. (1979) in the pigeonite basalt 12031. The abundances of minor phases within the two samples are very similar; however, 12031 has more plagioclase and less pyroxene than 12003,317_D. It contains more Fe (Mg# = 33.3) than 12031 (Mg# = 43.1; Rhodes et al. 1977) , but the bulk composition of 12003,317_D is, in general, similar to that of the pigeonite basalts.
Sample 12031 is reported to have a wide range of plagioclase compositions (An 48-98 ; Beaty et al. 1979 ). The range of plagioclase compositions measured within 12003,317_D (An 77-94 ), therefore, is well within this range (Fig. 3a) . The most primitive pyroxene compositions of 12031 are significantly more magnesian than those in 12003,317_D (Fig. 5e ). As such, if the two samples do originate from similar sources, then 12003,317_D may represent the product of a later stage of crystallization than 12031. This is also consistent with the difference in bulk Mg# between the two samples. A more evolved parent melt for 12003,317_D may also explain why the most REE-rich pyroxenes in the sample exceed those of other pigeonite basalts (Fig. 8h) (Shearer et al. 1989 ).
SUMMARY
A total of 17 separate basaltic chips have been studied from the 12003 soil. Analysis of these samples indicates that all three of the major Apollo 12 basaltic suites (olivine, ilmenite, and pigeonite basalts) are represented in the soil collected at a single location near the Lunar Module landing site.
One sample (12003,314) has been identified as a possible addition to the feldspathic suite, currently represented by only one other confirmed sample (12038). 12003,314_D has a subophitic-intergranular texture, similar to that of 12038 and several pigeonite basalts (e.g., 12007, 12031, and 12039). It has a higher modal abundance of plagioclase (55%) and bulk Al 2 O 3 (16.5 wt%) than any other Apollo 12 basalt. The mineral chemistries of 12003,314_D are in good agreement with those reported in both 12038 and the pigeonite basalts. However, given the sample's bulkrock characteristics and textural similarity to 12038, it is interpreted as most likely being a feldspathic basalt. If correct, this has important implications for the diversity of Apollo 12 basalts as it would strengthen the argument that the feldspathic basalts are not exotic to the Apollo 12 site, as suggested by Neal et al. (1994a Neal et al. ( , 1994b , but represent a poorly sampled basaltic flow, possibly underlying the landing site (Fig. 12) .
Three samples (type 4 samples 12003,308_3A, 12003,316 and 12003,311) have been identified in the 12003 soil, which may represent a previously unrecognized basaltic suite. The 12003,308_3A and 12003,316 samples have high abundances of olivine and low abundances of pyroxene relative to other Apollo 12 basalts, although these modal mineralogies are to be viewed with caution due to the comparatively coarse grain size (up to approximately 0.8 mm) of the samples when compared with the overall surface areas studied (<4.4 mm 2 ). These have comparatively compositionally equilibrated minerals and olivine with higher Ti/V ratios and lower concentrations of Co than are currently reported for any other Apollo 12 basalts.
The range of textures and mineral chemistries in the 12003 samples indicates a variety of crystallization conditions. The compositional zoning identified in the phases of a majority of the samples is consistent with fractional crystallization resulting, for example, in the concentration of REE toward the rims of phases. The type 3 samples are interpreted as having formed through slower equilibrium crystallization toward the base of thick lava flows (Reid 1971; Day and Taylor 2007) or prior to eruption.
Based on the geochemical diversity presented in this study, it is proposed that between 5-6 individual basaltic flows would be required to generate the 12003 chips analyzed. This would include the olivine, pigeonite, ilmenite, and (probably) feldspathic basalt flows previously identified, in addition to the basal flows/shallow level magma chambers from which the type 4 samples are inferred to have crystallized. However, interpretations of the differences between the samples' mineral chemistry, and the significance of these differences, are limited by the current availability of published trace element mineral chemistry data for other Apollo 12 basalts. It is hoped that future studies will provide new data sets, allowing for more incisive comparisons to be made.
